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Abstract. The Polarized Electrons for Polarized Positrons (PEPPo) experiment has
demonstrated the efficient transfer of polarization from electrons to positrons pro-
duced by the bremsstrahlung radiation of a polarized electron beam in a high-Z target.
Positron polarization up to 82% has been measured for an initial electron beam mo-
mentum of 8.19 MeV/c, limited only by the electron beam polarization. Combined with
the high intensity and high polarization performances of polarized electron sources,
this technique extends efficient polarized positron capabilities from GeV to MeV elec-
tron accelerators. This presentation reviews the PEPPo proof-of-principle experiment
and addresses the perspectives for future applications.
PACS. 29.27.Hj Polarized beams – 41.75.Fr Electron and positron beams – 13.88.+e
Polarization in interactions and scattering
1 Introduction
The interest in both polarized and unpolarized
positron beams for the experimental investiga-
tion of the physical world ranges from the macro-
scopic molecular scale accessible at eV energies
down to the most elementary scale of fundamen-
tal symmetries probed with hundreds of GeV
lepton beams.
For energies up to a few hundred keV, they of-
fer the unique opportunity to probe the surface
magnetization of materials [1] or to investigate
their inner structural defects with unprecented
resolution and accuracy [2]. They are also of prime
importance for the study of the Bose-Einstein
condensate [3], and crucial for the development
of anti-matter research [4] and related new en-
ergy sources.
In the GeV energy range where the electromag-
a Contact email: voutier@ipno.in2p3.fr
netic interaction dominates lepton-hadron reac-
tions, there is no stringent difference between the
physics information obtained from the scatter-
ing of electrons or positrons off a nucleus tar-
get. However, every time a reaction process is a
conspiracy of more than one elementary mecha-
nism, the comparison between electron and posi-
tron scatterings allows us to isolate the quantum
interference between these mechanisms. This is
of particular interest for studying limitations of
the one-photon exchange Born approximation in
elastic and inelastic scatterings, specifically ef-
fects of two-photon exchange mechanims [5] which
may reconciliate the differences between cross
section and polarization measurements of the elec-
tric form factor of the proton [6]. It is also essen-
tial for the experimental determination of the
generalized parton distributions where the inter-
ference between the known Bethe-Heitler process
and the unknown deeply virtual Compton scat-
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2 E. Voutier: Polarized positron production
tering requires polarized and unpolarized elec-
tron and positron beams for a model indepen-
dent extraction [7].
In the several tens to hundreds GeV energy range,
the lepton-hadron interaction is no longer re-
stricted to neutral current exchange and reaches
the charged currents domain of the electroweak
sector. Charged W± currents interact with elec-
tron and positron beams as essentially differ-
ent experimental probes, able to uniquely iso-
late positively or negatively charged quarks. In
the deep inelastic regime, charged current in-
teractions access combinations of quark flavors
different from those measured with purely elec-
tromagnetic neutral interaction, providing an al-
ternative and novel source of information about
parton distribution functions, particularly with
respect to the strange and charm quarks. For
instance, the availability of polarized electron
and positron beams provide the necessary tools
to measure the difference between the strange
and anti-strange quark distributions free from
any ambiguities related to the hadronization pro-
cess [8]. Such polarized lepton beams also pro-
vide the ability to test fundamental predictions
of the Standard Model such as the absence of
right-handed charged currents or some possible
scenarios for the existence of a new physics be-
yond the frontiers of the Standard Model.
The production of high-quality polarized po-
sitron beams relevant to these many applications
remains however a highly difficult task that, un-
til recently, was feasible only at large scale accel-
erator facilities. Polarized positron beams based
on radioactive sources are limited in polarization
and intensity. The production of highly polarized
and intense positron beams has been achieved at
high energy storage facilities (> 10 GeV) taking
advantage of the self-polarizing Sokolov-Ternov
effect [9] for ultra-relativistic particles orbiting
inside a magnetic field. Other scenarios [10,11]
have been proposed within the context of the
International Linear Collider project, but still
involving high energy electron beams and chal-
lenging technologies that intrinsically limit their
range of applications.
Relying on the most recent advances in high
polarization and high intensity electron sources [12],
the PEPPo (Polarized Electrons for Polarized
Positrons) technique [13] provides a novel and
potentially widely accessible approach based on
the production, within a tungsten target, of po-
larized e+e− pairs from the circularly polarized
bremsstrahlung radiation of a low energy (< 10 MeV)
highly polarized electron beam. This presenta-
tion reviews the principle of operation of this
technique and its experimental demonstration
performed at the injector of the Continuous Elec-
tron Beam Accelerator Facility (CEBAF) of the
Thomas Jefferson National Accelerator Facility
(JLab) in Newport News, VA. Further develop-
ments of the PEPPo method in the context of
the JLab physics program and a possible low
energy polarized positron beam facility are also
sketched.
2 Polarized bremsstrahlung and pair
creation
Polarization phenomena in electromagnetic pro-
cesses have been investigated since the early thir-
ties [14,15,16]. The originally more complete cal-
culations of the polarization of the bremsstrah-
lung radiation generated by an electron beam in
the vicinity of a nuclear field [17] drove the de-
velopment of polarized photon beams: an upolar-
ized electron beam is predicted to generate a lin-
early polarized photon beam, while a polarized
electron beam would generate a circularly po-
larized photon beam with polarization directly
proportionnal to the initial electron beam po-
larization. These features were used extensively
at numerous accelerator facilities, and more re-
cently in the experimental hall B of JLab [18] to
operate a high energy polarized photon beam.
As a reciprocal process to bremsstrahlung,
polarization observables of the pair production
process can be obtained from the same expres-
sions modulo some kinematical substitutions. Nev-
ertheless, this recipe is of limited application since
ultra-relativistic approximations for the brems-
strahlung and pair production processes are some-
how different in nature, especially close to the
production threshold where lepton masses can-
not be neglected [19]. This was exactly demon-
strated in a recent theoretical work where finite
lepton mass effects were considered [20]. Fig. 1
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shows the circular-to-longitudinal polarization trans-
fer calculated for a high Z material and differ-
ent initial beam conditions within the framework
of Ref. [20]. Depending on the kinetic energy of
the created positrons, the polarization transfer
ranges from -1 to 1 with a remarkable kinemat-
ically symmetric behaviour. This quite natural
feature for a final system consisting of two par-
ticles identical in mass and spin, is absent from
older calculations. As a consequence, the low en-
ergy half of the spectra shows strong differences
between ultra-relativistic and finite mass calcu-
lations, even when high initial photon energies
are considered. These different approaches both
predict that a circularly polarized photon beam
creates a polarized e+e− pair whose longitudi-
nal and transverse polarization components are
both proportionnal to the initial photon beam
polarization. Polarization transfer in the trans-
verse plane is however much less efficient than in
the longitudinal plane. The experimental demon-
stration of the circular-to-longitudinal polariza-
tion transfer is relatively recent and has been
carried out at KEK [10], SLAC [11] and JLab [21]
using completely different techniques to produce
the initial polarized photon beam.
3 The PEPPo experiment
The technique used to produce circularly polar-
ized photons is the essential difference between
the new approaches for the production of polar-
ized positron beams at linear accelerator facili-
ties. The concept demonstrated at KEK [10] re-
lies on the Compton back-scattering of polarized
laser light off a ∼GeV electron beam to produce
a roughly uniform photon spectra up to several
tens of MeV. The undulator scheme demonstra-
ted at SLAC [11] involves the polarized synchro-
ton radiation produced by a multi-GeV electron
beam traveling within a helical undulator. Both
these techniques are demanding in terms of the
properties of the initial electron beam, conse-
quently limiting their use to large scale facili-
ties. On the contrary, the PEPPo concept [22,
23] which relies on the bremsstrahlung radiation
of a polarized electron beam can be used effi-
ciently with a low energy (∼5-100 MeV/c), high
Fig. 1. Circular-to-longitudinal polarization trans-
fer from photons to positrons emitted at a small an-
gle for different initial photon energies and within a
high Z material [20]. Full lines indicate calculations
within a full screening approach, and the dashed line
corresponds to a calculation neglecting screening ef-
fects. Curves are represented as function of the full
kinetic energy portion available to the positrons.
intensity (∼mA), and high polarization (> 80%)
electron beam driver, providing access to polar-
ized positron beams to a much wider commu-
nity because of the reduced cost of the driver
accelerator. The PEPPo experiment [13] was de-
signed to evaluate the performance of the PEPPo
concept by measuring the polarization transfer
from a primary electron beam to the produced
positrons.
3.1 Principle of operation
The PEPPo experiment ran at the CEBAF in-
jector [24] of JLab in june 2012 using a polar-
ized electron beam up to pe=8.19±0.04 MeV/c
to measure the momentum dependence of the
polarization of the produced positrons in the mo-
mentum range 3.07-6.25 MeV/c.
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Fig. 2. Schematic of the PEPPo line and appa-
ratus illustrating the principle of operation of the
experiment based on the processes sequence
−→
e− T1→
	
γ
T1→ −→e+ T2→ 	γ S3→ γ described in the text. The setup
footprint is about 3×1.5 m2.
A new beam line (Fig. 2) [25] was constructed
where polarized electrons were transported to a
1 mm thick tungsten positron production tar-
get (T1) followed by a positron collection, selec-
tion, and characterization system [26]. Longitu-
dinally polarized electrons interacting in T1 ra-
diate elliptically polarized photons whose circu-
lar component (Pγ) is proportional to the elec-
tron beam polarization (Pe). Within the same
target, the polarized photons produce polarized
e+e−-pairs with perpendicular (P⊥) and longi-
tudinal (P‖) polarization components both pro-
portional to Pγ and therefore Pe. The azimuthal
symmetry causes P⊥ to vanish resulting in longi-
tudinally polarized secondary positrons. Imme-
diately after T1, a short focal length solenoid
(S1) collects the positrons into a combined func-
tion spectrometer (DD) that uses two 90◦ dipoles
and a slit to select positron momentum. The ex-
iting positrons can either be detected at a po-
sitron diagnostic (AT+AD) or refocused by a
second solenoid (S2) through a vacuum window
(VW) to a Compton transmission polarimeter.
Retracting T1, the known electron beam could
also be transported to T2 to calibrate the pola-
rimeter analyzing power.
The polarimeter [26] begins with a 2 mm den-
simet (90.5%W/7%Ni/2.5%Cu) conversion tar-
get (T2) followed by a 7.5 cm long, 5 cm di-
ameter iron cylinder centered in a solenoid (S3)
that saturates and polarizes it (creating a known
polarization, PT ). An electromagnetic calorime-
ter with 9 CsI crystals arranged in a 3×3-array
is placed at the exit of the polarimeter solenoid.
Polarized positrons convert at T2 via bremsstrah-
lung and annihilation processes into polarized
photons which polarization orientation and mag-
nitude depend on the positron polarization. As
a consequence of the polarization dependence of
the Compton process, the number of photons
passing through the iron core and subsequently
detected by the CsI-array depends on the rela-
tive orientation of the photon and iron core po-
larizations. By reversing the sign of the positron
polarization (that is reversing the electron beam
helicity) or the target polarization (via S3 po-
larity), one measures the experimental Compton
asymmetry
ApC = P‖ PT Ap = P Pe PT Ap (1)
where Ap is the positron analyzing power of the
polarimeter and P is the electron-to-positron
polarization transfer efficiency. Knowing PT , Pe,
Ap and measuring A
p
C provide a measurement of
P‖ and consequently P .
3.2 Calibration
The complete experiment was first calibrated with
the known CEBAF electron beam at each se-
lected positron momentum.
The accelerating gradient in the cavities of the
quarter-cryomodule of the CEBAF injector was
adjusted by determining the magnitude of the
magnetic field required to deflect the beam to-
wards a specific location [24], providing a 0.7%
measurement of the beam momentum. The same
field with opposite polarity deflects the beam
into the PEPPo line towards the production tar-
get.
In absence of T1, transporting the beam to a
Faraday cup (FC) at the end of the PEPPo line
allows us to set the DD spectrometer current.
This procedure was repeated for each of the posi-
tron momenta studied. Using the nominal 8.19 MeV/c
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momentum of the PEPPo experiment and in-
serting T1 in the beam path allowed us to es-
tablish the S1 current by optimizing the trans-
ported flux at FC for each momentum. Further
optimization of that same flux while powering S2
set the current of that last magnet of the PEPPo
beam transport line. Reversing the DD polar-
ity is selecting and transporting to T2 positrons
produced at T1. T2 is mounted on an electrically
isolated aluminum target holder (TH) connected
to a picoammeter and serving as a relative po-
sitron flux monitor. The S1 and S2 current op-
timization procedure was repeated with respect
to the TH beam diagnostic for positive DD po-
larity, and found to be in good agreement with
previously optimized current values, supporting
a negligible effect of the polarimeter magnet on
incoming particle trajectories. The experimen-
tally determined S1, DD, and S2 currents agree
well with those determined by a GEANT4 [27]
model of the experiment using magnetic fields
modeled with OPERA-3D [28].
Following Eq. 1, the measurement of the Comp-
ton asymmetry for a known beam permits the
calibration of the analyzing power of the polari-
meter [30] assuming knowledge of the beam and
target polarizations.
The polarization of the electron beam, Pe, was
measured to be 85.2 ± 0.6 ± 0.7% with a Mott
polarimeter [29]. The first uncertainty is statis-
tical and the second is the total systematic un-
certainty associated with the theoretical and ex-
perimental determination of the Mott analyzing
power.
The target polarization was experimentally de-
duced from the measurement of the magnetic
flux induced in a set of pick-up coils surround-
ing the iron core [26], that was generated when
powering the S3 magnet to the nominal 60 A op-
erational current [31]. The comparison of the ex-
perimental signal with the simulated signal mod-
eled with OPERA-3D provides the average lon-
gitudinal magnetic field polarizing the iron core
Bz = 2.935±0.036 T [32]. The corresponding av-
erage longitudinal polarization was determined
to be PT = 7.06±0.09% [32], in very good agree-
ment with the previously reported value [26].
3.3 PEPPo measurements
3.3.1 Data recording
Electrons or positrons arriving at T2 convert
into photons that eventually fire the crystal ar-
ray. The signal delivered by each crystal is read
with a R6236-100 Hamamatsu photomultiplier
(PMT). The effective gain of the full electronics
chain of each crystal was calibrated prior beam
exposure with 137Cs and 22Na radioactive sour-
ces, and monitored throughout data taking by
controlling the position of the 511 keV peak pro-
duced by the annihilation of positrons gener-
ated inside the core. This method insures a ro-
bust and stable energy measurement, intrinsi-
cally corrected for possible radiation damages or
PMT-aging effects.
The PMT signals are fed into an analog-to-digital
converter module that samples the signal into
500 successive time bins of 4 ns duration and
enables three data taking modes. The sample
mode, used for detector monitoring, allows reg-
istration of the full sample set whenever an ex-
ternal trigger is provided. The semi-integrated
mode, used for positron data taking, collapses
the 500 samples into 1 integrated value regis-
tered for each positron trigger. The latter is built
from the coincidence between the central crys-
tal and a 1 mm thick scintillator (TS on Fig. 2)
placed between the PEPPo line vacuum exit win-
dow and T2; it provides an effective charged par-
ticle trigger that considerably reduces the neu-
tral backgrounds into the crystal array. The last
or integrated data taking mode integrates the
signal delivered by the crystal over a duration
corresponding to a fixed beam polarization ori-
entation (helicity gate). It is specific to high rate,
background-free environments, and was used for
the electron calibration measurements.
3.3.2 Experimental asymmetries
The comparison of the energy deposit (E±λh) dur-
ing the helicity gate for each beam polarization
orientation and fixed analyzing magnet polarity
(λ=±1) gives the experimental asymmetry
AeC(λ, h) =
E+λh − E−λh
E+λh + E
−
λh
(2)
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where h=±1 indicates the beam helicity status
at the electron source, that can be reversed in-
serting a half-wave plate in the excitation laser
light pathway [24]. Data taking was repeated
for each magnet polarity and beam helicity, and
were statistically combined
AeC =
∑
λh
AeC(λ, h)
(δAeC(λ, h))
2
/∑
λh
1
(δAeC(λ, h))
2
= Pe PT Ae (3)
to provide the actual Compton asymmetries AeC
for electrons, free from false asymmetries related
to the beam or the analyzing magnet. Ae repre-
sents here the electron analyzing power of the
polarimeter. Electron experimental data feature
high statistical accuracy (< 1%) and similar sys-
tematic errors originating from the determina-
tion of the pedestal signal.
Positron data are recorded on an event-by-
event basis and, because of the trigger configu-
ration, involve only the central crystal. The ex-
perimental information consists of the energy de-
posit in the crystal and the coincidence time (tc)
with TS. For each helicity gate (i) and λh con-
figuration, the energy yield Y ±i,λh is constructed
Y ±i,λh =
∑
j
N±t,ij Eij
Q±i dt
±
i
(4)
where the sum runs over the events occuring
during the helicity gate; Eij is the energy de-
posit in the crsytal, Q±i is the helicity gate beam
charge determined from a beam current monitor
on the main accelerator line, and dt±i represents
the electronics and data acquisition dead-time
correction measured with specific helicity gated
scalers. N±t,ij is the true number of coincidence
events within a selected time window around the
tc peak, determined from
N±t,ij(λ, h) = N
±
m,ij(λ, h)−N±r,ij (5)
where N±m,ij is the measured number of events
within the selected time window and N±r,ij is
the random coincidences contamination deduced
from the fit of the global tc spectra. Positron
experimental asymmetries are obtained analo-
gously to electron asymmetries by combining each
λh configurations
ApC(λ, h) =
∑
i Y
+
i,λh −
∑
i Y
−
i,λh∑
i Y
+
i,λh +
∑
i Y
−
i,λh
(6)
according to
ApC =
∑
λh
ApC(λ, h)
(δApC(λ, h))
2
/∑
λh
1
(δApC(λ, h))
2
= P‖ PT Ap . (7)
Experimental asymmetries and uncertainties for
each positron momentum are obtained by insur-
ing a mimimum energy deposit Eij > 511 keV.
Main sources of systematics originate from the
energy calibration procedure, the random sub-
traction method, and the selection of coincidence
events. The relative contribution to asymmetry
uncertainties does not exceed 2%.
3.3.3 Polarimeter analyzing power
The PEPPo beam line, magnet fields, and detec-
tion system was modeled using GEANT4, taking
advantage of a previous implementation of polar-
ized electromagnetic processes [33]. The determi-
nation of the analyzing power of the polarimeter
for positrons relies on the comparison between
experimental and simulated electron asymme-
tries. This benchmarks the GEANT4 physics pack-
ages and resolves related systematic uncertain-
ties within the limits of the measurement accu-
racy. The measured electron analyzing power is
shown in Fig. 3 and compared with the predic-
tions of the GEANT4 model of the experiment.
The reamarkable agreement between data and
simulations indicates an accurate understanding
of the full experimental setup. The analyzing
power of the polarimeter for positrons (Fig. 3) is
then directly simulated. The combination of the
supplementary e+-to-γ annihilation conversion
process together with the minimum energy de-
posit requirement leads to larger analyzing power
for positrons than electrons. The energy cut ef-
fect is strong at low e+ momenta where it re-
moves a significant part of the energy spectra
acting as a dilution of the polarization sensitiv-
ity.
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Fig. 3. Electron and positron analyzing powers
of the central crystal of the polarimeter. Statistical
uncertainties were combined quadratically with sys-
tematic uncertainties taken from Pe, PT , and A
e
C to
determine acutal error bars [21].
3.3.4 Positron polarization
The positron longitudinal polarization P‖ and
the polarization transfer efficiency P are ob-
tained from Eq. 1 knowing the electron beam
polarization, the target polarization, and the po-
sitron analyzing power. The PEPPo data demon-
strate a remarkably highly efficient polarization
transfer from photons to positrons over a large
positron momentum range (Fig. 4). The high po-
larization observed at energies significantly smaller
than the kinematically achievable maximum is
most likely a consequence of multiple scattering
effects: higher energy particles with higher po-
larization suffer loss of energy when interacting
with atomic electrons but their polarization re-
mains globally unchanged. The bremsstrahlung
of longitudinally polarized electrons is therefore
demonstrated to be an efficient process for gen-
erating longitudinally polarized positrons.
4 Polarized positron source
perspectives
Beyond the polarization performance of the
PEPPo technique, one very appealing feature is
the low energy of the electron beam driver. This
does not percludes application of this method at
high energies but signficantly reduces the cost
and technological requirements for developing a
polarized positron beams. In addition, the radi-
ation environment of low energy sources is easier
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Fig. 4. PEPPo measurements of the positron po-
larization (top panel) and polarization transfer ef-
ficiency (bottom panel); statistics and systematics
are reported for each point, and the shaded area in-
dicates the electron beam polarization [21].
to handle, making the PEPPo concept easier to
realize. It is therefore more realistic to conceive
of application of this technique in many different
research fields.
As a general benefit for any final use, the
present technological research is directed towards
maximizing the positron flux both by increasing
the initial electron flux and by enhancing the po-
sitron collection system. It is worth noting that
all three of the demonstrated techniques based
on circularly polarized photons operate within a
similar positron energy range.
Recently, polarized electron sources have demon-
strated sustainable operation at 1 mA and var-
ious scenarios can be developed to accumulate
10 MeV electrons and increase further the initial
electron flux before the production target. The
power constraint on this target is very strong,
requiring operation at ∼10 kW in the lowest in-
tensity case. Potential targets have already been
proposed; in particular a cooled liquid metal tar-
get developed at Niowave Inc. [34] may solve this
problem.
The optimization of the collection system is a
sophisticated problem requiring many variables
to be specified for an optimal solution, particu-
larly the positron energy range and the type of
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applications. The driving parameter for a polar-
ized source is the Figure-of-Merit (FoM) which is
the product of the positron polarization squared
and beam intensity. As a rule of thumb, the opti-
mum FoM of the PEPPo technique is obtained at
half of the energy of the incoming electron beam,
defining the optimum positron energy to be col-
lected. This is a consequence of the fact that
in bremsstrahlung based generation of positrons,
smaller positron energies correspond to larger
flux but lower polarization while higher positron
energies lead to lower flux but higher polariza-
tion.
The magnitude of the positron flux or efficiency
of the production scheme ( on Fig. 5) is essen-
tially controlled by the accepted phase space for
the positrons. Fig. 5 shows the beam energy evo-
lution of the optimized efficiency (top panel) and
of the electron-to-positron polarization transfer
(bottom panel) for a fixed positron acceptance
as obtained from GEANT4 simulations [35]. The
saturation behaviour of  should be noted. It re-
sults from the increase of both the pair creation
cross section and the positron optimum energy
as function of the electron beam energy. It clearly
indicates that the gain in the positron produc-
tion rate is limited beyond ∼100 MeV. At the
positron energy corresponding to the optimized
FoM, the polarization transfer is less sensitive to
the initial beam energy. Over the 10-100 MeV
electron energy range, one may expect to ob-
tain an optimized polarized positron production
with a flux about 10−5-10−3 e+/e− and 75% of
the initial electron beam polarization. The ex-
act final numbers depends on the constraints of
the designated applications, mainly the positron
momentum acceptance for accelerator applica-
tions and the energy moderation process for low-
energy positron beams. In the latter case, it will
be more efficient to limit the electron energy
range to about 10 MeV and develop deceleration
methods [36] to reach desired low-energies for
the positrons. However, the implementation of
these techniques remains a delicate task because
of the intricate relationship between the geom-
etry of the full system, the energy distribution
of the particles to be decelerated and the phase
of the electric field [37]. The limitation of the
transverse size of the generated positron beam
without significant flux loss is an additional is-
sue to resolve.
Fig. 5. GEANT4 simulations of the beam energy
dependence of the positron production efficiency
(top panel) and the circular-to-longitudinal polariza-
tion transfer (bottom panel) at the positron energy
corresponding to the optimum FoM [35].
5 Summary
The PEPPo experiment demonstrated a new con-
cept for creating polarized positron beams by us-
ing low energy (∼10 MeV) highly polarized elec-
tron beams. The measured 82 % high positron
polarization is limited only by the initial electron
polarization. Considering the low energy range
of the electron beam driver and the modern ca-
pabilities of polarized electron sources, we be-
lieve that this new concept is of interest for a
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wide community ranging from atomic and con-
densed matter physics up to nuclear and particle
physics.
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